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Abstract. The difference between observed cross sections of the evaporation residues (ER) of the 34S+208Pb
and 36S+206Pb reactions formed in the 2n and 3n channels has been explained by two reasons related with
the entrance channel characteristics of these reactions. The first reason is that the capture cross section
of the latter reaction is larger than the one of the 34S+208Pb reaction since the nucleus-nucleus potential
is more attractive in the 36S+206Pb reaction due to two more neutrons in isotope 36S. The second reason
is the difference in the heights of the intrinsic fusion barrier B∗fus appearing on the fusion trajectory by
nucleon transfer between nuclei of the DNS formed after the capture. The value of B∗fus calculated for the
34S+208Pb reaction is higher than the one obtained for the 36S+206Pb reaction. This fact has been caused
by the difference between the N/Z-ratios in the light fragments of the DNS formed during the capture
in these reactions. The N/Z-ratio has been found by solution of the transport master equations for the
proton and neutron distributions between fragments of the DNS formed at capture with the different initial
neutron numbers N = 18 and N = 20 for the reactions with the 34S and 36S, respectively.
Key words. capture, potential energy, complete fusion, evaporation residues
PACS. 25.70.Hi Transfer reactions – 25.70.Jj Fusion and fusion-fission reactions
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1 Introduction
The complete fusion of two colliding nuclei and de-excita-
tion of the formed excited compound nucleus (CN) are
topics of a great interest in physics of nuclear reaction.
The de-excitation of the CN through the evaporation of
neutrons can lead to the synthesis of the heaviest elements
(with the charge numbers Z = 108–118). A significant
difficulty in producing the heaviest elements in fusion-
evaporation reactions is very small cross sections, which
can be attributed to the hindrance at the formation of
the CN and/or to its instability against fission. The high
accuracy of measurements of the ER cross section stim-
ulates studies of the peculiarities of the reaction mecha-
nism in experiments producing transuranic elements. For
this aim, in Ref.[1], the authors compared two reactions
with the different isotopes of S and Pb leading to the same
nucleus 242Cf. The measured cross section for the 2n chan-
nel of 36S+206Pb was approximately 25 times larger than
that of 34S+208Pb. In the case of the 3n channel, approx-
imately ten times larger cross section was measured for
the 36S+206Pb reaction compared to the 34S+208Pb re-
action. These values were obtained close to the maxima
of the 2n and 3n cross sections. In Ref.[2], the experi-
mental data of the yield of fission products have been ob-
tained to establish the main reasons causing the difference
in the results of the evaporation residue cross sections in
the above mentioned reactions. The excitation function of
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fission for the 36S+206Pb reaction is higher than the one
of the 34S+208Pb reaction if they are compared as func-
tions of the CN excitation energy. In Ref. [1], the authors
noted that the difference of only two neutrons in projec-
tile and target nuclei has such a strong influence on the
fusion probability. This amazing result requests its further
explanation.
The first attempt was made by the authors of the ex-
periments in Ref.[1] by the description of the fission ex-
citation functions using the coupled-channels calculations
(code CCFULL [3]) with coupling to vibrational states;
the evaporation residue cross sections were estimated by
the statistical code HIVAP [4], normalizing the capture
cross section calculated by the HIVAP to the measured
capture cross sections. Regardless of this procedure, the
authors modified the parameters of the HIVAP code for
the survival probability of 242Cf∗ such that the measured
ER cross sections of the 36S+206Pb reaction were repro-
duced at E∗= 25.5 and 33.1 MeV for the 2n and 3n chan-
nels, respectively. This action allowed authors to repro-
duce the ER cross sections of the 36S+206Pb reaction,
but at the use of the same parameters leads to overes-
timation of the measured data of the 34S+208Pb reaction.
Therefore, authors have concluded that the latter reaction
exhibits a significant hindrance of fusion relative to the
36S+206Pb reaction. Another attempt to clarify the na-
ture of the hindrance to complete fusion in the case of the
34S+208Pb reaction has been done in Ref.[2]. The authors
of Ref.[2] have used new fission measurements and existing
evaporation residue and fission excitation function data
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for reactions forming Cf isotopes to investigate the depen-
dence of the quasifission probability and characteristics of
fission products on the properties of the entrance chan-
nels. The calculations made by the use of the coupled-
channels code CCFULL reproduce the measured capture
cross sections for both reactions. Assuming no quasifission
(PCN=1), the statistical model calculations of the fission
survival probability WCN are able to reproduce the mea-
sured xn ER cross sections for the 36S+206Pb reaction.
However, the calculations made by the use of the same pa-
rameters have led to the overestimation of the experimen-
tal xn ER cross sections for the 34S+208Pb reaction. The
agreement with the experimental data of the last reaction
can be reached by introducing a strong fusion hindrance
for it relative to the 36S+206Pb reaction (with an angu-
lar momentum averaged hindrance PCN=0.1). This proce-
dure must be associated with a large quasifission probabil-
ity for 34S+208Pb. The analysis of mass and angle distribu-
tions of the fusion-fission products of these two reactions
did not reveal a significant difference between them show-
ing the hindrance in fusion. The authors concluded that
the strongly hindered ER yield for the 34S+208Pb reaction
compared with the 36S+206Pb reaction indicates that the
quasifission competition is weaker in the 36S+206Pb re-
action. This must be attributed to the different nuclear
structures of the reaction partners in the two reactions
and closer matching of N/Z ratios in the latter reaction,
as found in Ca + Pb reactions [5]. The authors could not
explain the appearance of the hindrance to fusion causing
the value PCN=0.1. One of the reasons of difficulties in
study of hindrance to fusion is difference in the theoreti-
cal and experimental views to the capture events.
In this work we try to establish reasons causing dif-
ference at the CN formation in the two reactions under
discussions by the theoretical analysis of the formation of
dinuclear system (DNS) after capture and its transforma-
tion into the CN. In Section 2 the different views in esti-
mation of the capture cross section are shortly discussed.
The methods of calculations are briefly presented in Sec-
tion 3 and results of the capture and fusion cross sections
are discussed in Section 4.
2 Different views to the definition of capture
In the deep-inelastic collisions, the full momentum transfer
of the relative motion does not take place and interaction
time of the colliding nuclei is relatively shorter than in the
case of capture reactions which request the full momen-
tum transfer. The main difference between deep-inelastic
collision and capture events, which can be observed in
experiment, is a value of the total kinetic energy of the re-
action products. The total kinetic energy of the products
formed in the capture reaction are fully damped and its
value is significantly lower than the initial collision energy
Ec.m., while the total kinetic energy of the deep-inelastic
collisions products is not fully damped and its value is
close to the Ec.m.. The DNS formed as a result of the
capture of the colliding nuclei can evolve to one of states
of the heated and rotating compound nucleus (complete
fusion) or it breaks down forming two fragments (quasi-
fission) without reaching the saddle point of CN.
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The mass and charge distributions of the deep-inelastic
collision and capture events can widely overlap. This over-
laps of the mass and charge distributions have been dis-
cussed in Ref. [6] for the case of 48Ca+208Pb reaction. The
main conclusion from this short comment is that capture
events are presented as the yield of the projectile- and
target-like products with the total kinetic energy signifi-
cantly lower than the initial collision energies. The total
kinetic energy of the products formed in the capture reac-
tion are around their Coulomb barriers in the exit chan-
nels since the amount of the kinetic energy of the relative
motion above the Coulomb barrier is dissipated, i.e. the
full momentum of the relative motion occurs. The differ-
ence between the total kinetic energies of the products
formed in the deep-inelastic collision and capture events
depends on the projectile-nucleus energy, orbital angular
momentum of collision, mass and charge numbers of the
colliding nuclei. Unfortunately, there is not so many exper-
imental and theoretical studies devoted to the important
problem which allows us to draw interesting conclusions
about reaction mechanism of the heavy-ion collisions at
the energies near the Coulomb barrier. Since the events
producing projectile-like and target-like binary products
are considered as the deep-inelastic collision events only.
Therefore, the separation of the capture events produc-
ing projectile-like and target-like binary products from the
deep-inelastic collision events requests detailed analysis of
the experimental data and developing corresponded theo-
retical methods. Nevertheless, there are papers where the
authors have studied the properties of the reaction prod-
ucts by the analysis of their total kinetic energies. For
example, in Fig. 3 of Ref.[7], the yield of the binary prod-
ucts with the mass numbers in the range M1 = 40—56
of the 50Cr+208Pb reaction and having total kinetic en-
ergy around 235 MeV are shown as to be belonged to
quasielastic and the ones having the total kinetic energy
around 160 MeV are marked as the products of the deep-
inelastic collisions. All of the products with the mass num-
bers in the rangeM1 = 57—82 are indicated as ones of the
fast quasifission process. According to our point of view,
among the products marked the deep-inelastic collisions
there are events of the quasifission having the total ki-
netic energy approximately in the range 150—170 MeV.
More detailed analysis should be performed in our future
research devoted to this topic. The yield of the projectile-
and target-like products of the capture reactions is respon-
sible for the decrease of the events going to the complete
fusion and this mechanism can be considered as hindrance
to complete fusion which is not studied by experimental-
ists.
The correct estimated quasifission cross section σqf
contains a contribution of the yield of projectile- (σPLqf )
and target-like (σTLqf products together with asymmetric
(σasymqf ) and symmetric (σsymqf ) fragments of the DNS
decay:
σqf = σPLqf + σTLqf + σasymqf + σsymqf . (1)
Usually the contributions σPLqf and σTLqf to quasifission
are not considered at the estimation of the capture though
the strong yield of these products decreases the amount
of events leading to complete fusion.
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The authors of Refs. [1] and [2] have concentrated their
attention to the mass region 0.25 < MR < 0.75 in analysis
of the mass-angle distribution of the fusion-fission prod-
ucts. Then the fusion-fission cross sections were considered
as capture cross section since the authors had assumed
that there was no hindrance to the complete fusion in the
36S+206Pb reaction. The mass region of the quasifission
products, which overlaps with the one of the projectile-
like and target-like products of deep-inelastic collision, is
around MR = 0.15. The authors of Refs. [1] and [2] did
not study this mass region of the reaction products.
Unfortunately, often these quasifission products are
considered as products of the deep-inelastic collisions and
their contribution is not included in the capture cross sec-
tion at the estimation of the fusion probability PCN from
the analysis of the experimental data.
PCN =
σER + σfusion−fission
σER + σfusion−fission + σ˜qf
, (2)
where σER and σfusion−fission are the evaporation residue
and fusion-fission cross sections, respectively; the cross
section of quasifission estimated by the assumption of ex-
perimentalists is σ˜qf = σasymqf + σsymqf . For example,
the experimental data of capture cross section presented
in Ref. [8] were compared with the theoretical results in
Ref. [9]. The separation of the mass symmetric products
of quasifission σsymqf from the fusion-fission products is
the other interesting and difficult problem of future theo-
retical and experimental studies [10,11,12].
Therefore, the experimental value of PCN is larger than
its theoretical value. This means that the estimated cap-
ture cross section from the analysis of experimental data
is smaller than theoretical capture cross section calculated
as a sum of the full momentum transfer events. Theoreti-
cal values of the capture cross sections are calculated with
the quantities characterizing the entrance channel by for-
mula
σcap(Ec.m.) =
λ¯2
4π
ℓd∑
ℓ=0
(2ℓ+ 1)P(ℓ)cap(Ec.m.), (3)
where P(ℓ)cap(Ec.m.) is the capture probability of the projec-
tile-nucleus by the target-nucleus in collision with energy
Ec.m. and orbital angular momentum L = h¯ℓ; µ is the re-
duced mass of colliding nuclei and λ¯ = h¯/
√
2µEc.m.. All
partial waves corresponding to the full momentum trans-
fer events are included into the summation in Eq.(3). This
means that Eq.(3) includes the yield of projectile- and
target-like products together with fusion-fission, quasifis-
sion and evaporation residue products. The DNS formed
in the collisions with the given values of Ec.m. and ℓ evolves
to complete fusion due to the transfer of all nucleons of the
light fragment to the heavy one or it can decay forming bi-
nary products with charge and mass numbers in the wide
range. According to our view, the projectile- and target-
like products having low total kinetic energy are consid-
ered as the quasifission products. The dynamical calcula-
tion by the method presented in Section 3 allows us to
find angular momentum distribution of the DNS formed
in capture. In some methods of capture calculations, the
variation of the maximum value of the orbital angular mo-
mentum ℓd or another way is used to reach an agreement
with the experimental values of the capture cross section
which is found by ignoring the yield of the capture prod-
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ucts which have close values to the initial mass and charge
numbers of colliding nuclei [13].
3 Theoretical model
The dynamics of complete fusion in heavy ion collisions
at low energies is determined by the orbital angular mo-
mentum, the charge and mass numbers, shape, orientation
angles of their symmetry axis and the shell structure of
the interacting nuclei. The probability of the mass and
charge distributions between fragments of the DNS and
the probability of its decay depend on the shell structure,
the excitation energy and angular momentum of the sys-
tem. Therefore, it is important to include into considera-
tion the construction of the theoretical methods to study
the role of the entrance channel in formation of the reac-
tion products. The examples of results corresponding to
the full momentum transfer events are presented in panels
(b),(c) and (d) of Fig. 1.
3.1 Calculation of capture cross section
Two conditions must be satisfied for the capture: 1) the
initial energy Ec.m. of a projectile in the center-of-mass
system should be enough to reach the potential well of
the nucleus-nucleus interaction (Coulomb barrier + rota-
tional energy of the entrance channel) by overcoming or
tunneling through the barrier along relative distance in
the entrance channel; 2) at the same time the value of the
relative kinetic energy above the entrance channel barrier
should in correspondence with the size of the potential
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Fig. 1. (Color online) Deep inelastic collision (a) and cap-
ture (b),(c),(d) trajectories at collision energy Ec.m. = 146.41
MeV for the 36S+206Pb reaction. The thick solid lines are the
interaction potential V(t); thin solid and dot-dashed lines are
the total energy Etot of the relative motion for the incoming
and outgoing trajectories (only for the case of L = 50h¯), re-
spectively; the dashed lines are the time dependent interaction
potential V (t) calculated taking into account damping angular
momentum and nucleon exchange between nuclei [14]. The to-
tal energy Etot decreases due to dissipation by the radial fric-
tion coefficient and the dynamical interaction potential V (t)
presented by the dotted line while the nucleus-nucleus poten-
tial including the DNS rotational energy calculated with the
undamped values of L is shown by the thick solid line.
well: in case of the collision of the massive nuclei the size
of the potential is small and, if the initial collision energy
is very large relative to the the entrance channel barrier,
the dissipation of the kinetic energy may be not enough
to make its value lower than barrier of potential well, i.e.
to cause trapping into potential well. As a result, the cap-
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ture does not occur and the deep-inelastic collision takes
place (as in Fig. 2b of Ref. [14] or Fig. 1 of Ref. [15]). If
there is no potential well, the deep-inelastic collision takes
place only. In this work the possibility of capture by tun-
nelling through the Coulomb barrier, at the collision ener-
gies (Ec.m.) lower than the barrier, is taken into account.
In this case, at the same values of the angular momentum
both capture and deep-inelastic collision can occur. Fig. 1
shows the dependence of the total energy (V (t)+Ekin) of
the radial motion Etot and nucleus-nucleus potential on
the distance R between centers of nuclei for the 36S+206Pb
reaction at the collision energy Ec.m. = 146.41 MeV. We
should note that the capture probability is calculated for
all values of ℓ including the case presented in Fig. 1. The
capture probability by tunneling in the case showed in
Fig. 1(a) is discussed later in Fig. 2. The nucleus-nucleus
potential V (ℓ, {αi};R) consists of three parts as
V (ℓ, α1, α2;R) = VCoul(α1, α2;R) (4)
+ Vnucl(α1, α2;R) + Vrot(ℓ, α1, α2;R),
where VCoul, Vnucl and Vrot are the Coulomb, nuclear and
rotational potentials, respectively. In the case of collision
of nuclei with the deformed shape in their ground states,
the dependence of the nucleus-nucleus potential on orien-
tation angle of their axial symmetry axis should be taken
into account. We refer to Ref. [16] and Appendix A of
Ref. [14] for the detailed expressions of these potentials
in terms of the orientation angles of the symmetry axis of
the colliding nuclei.
The colliding nuclei in the 34S+208Pb and 36S+206Pb
reactions are spherical in their ground states, therefore,
possibility of the population of vibrational states at their
excitation is considered. As the amplitudes of the surface
vibration we use deformation parameters of first excited
2+ and 3− states of the colliding nuclei. The values of the
deformation parameters of first excited 2+ and 3− states
are presented in Table 1 which are taken from Ref(s). [17]
(β+2 ) and [18] (β
−
3 ).
Table 1. Deformation parameters β and mean lifetime τ of
first excited 2+ and 3− states of the colliding nuclei used in
the calculations in this work.
Nucleus 34S 36S 206Pb 208Pb
β+2 [17] 0.252 0.168 0.0322 0.055
τ2+(10
−12s) [17] 0.023 0.110 0.11 0.0012
β−3 [18] 0.330 - 0.083 0.100
τ3−(10
−12s) [18] 0.130 - - 47
The surface vibrations are regarded as independent
harmonic vibrations and the nuclear radius is considered
to be distributed as a Gaussian distribution [19],
g(β2, β3;α) = exp
[
− (
∑
λ βλY
∗
λ0(α))
2
2σ2β
]
(2πσ2β)
−1/2, (5)
where α is the direction of the spherical nucleus. For sim-
plicity, we use α = 0:
σ2β = R
2
0
∑
λ
2λ+ 1
4π
h¯
2Dλωλ
=
R20
4π
∑
λ
β2λ, (6)
where ωλ is the frequency and Dλ is the mass parameter
of a collective mode.
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The first step at the estimation of the capture cross
section is the calculation of the partial capture cross sec-
tions for the seven values for each deformation parameters
β2 and β3 in the corresponding ranges −β+2 < β2 < β+2
and −β−3 < β3 < β−3 for the vibrational nuclei, i.e. the
differences between intermediate values of the deforma-
tion parameters used in calculations are ∆β+2 = β
+
2 /3.
and ∆β+2 = β
+
2 /3., respectively. This procedure is accept-
able since the mean lifetime τ of first excited 2+ and 3−
states (see Table 1) are much larger than interaction time
of colliding nuclei at capture and complete fusion times
which do not precede 10−19 s. Therefore, deformation pa-
rameters β2 and β3 can be considered as the frozen values
during the capture process.
The partial capture cross-section σ
(ℓ)
cap(Ec.m, {βi}) is
determined by calculation of the capture probability
P(ℓ)cap(Ec.m., {βi}) of trapping the curve presenting the de-
pendence of total kinetic energy on the time dependent
internuclear distance into the potential well of the nucleus-
nucleus interaction:
σ(ℓ)cap(Ec.m., {βi}) =
λ2
4π
(2ℓ+ 1)P(ℓ)cap(Ec.m., {βi}). (7)
Here λ is the de Broglie wavelength of the entrance chan-
nel. The capture probability P(ℓ)cap(Ec.m., {βi}), which is
calculated by classical equation of motion, is equal to 1 or
0 for given beam energy and orbital angular momentum.
In dependence on the beam energy, Ec.m., there is a ℓ-
window (ℓm < ℓ < ℓd) for capture as a function of orbital
angular momentum:
P(ℓ)cap(Ec.m., {βi}) =


1, if ℓm < ℓ < ℓd and
Ec.m. > VB ,
0, if ℓ < ℓm or ℓ > ℓd and
Ec.m. > VB ,
P(ℓ)WKB, for all ℓ if Ec.m. ≤ VB ,
(8)
where ℓm and ℓd are the minimum and maximum values
of the orbital angular momentum ℓ leading to capture at
the given collision energy; VB is the barrier of the nucleus-
nucleus potential in the entrance channel; P(ℓ)WKB is prob-
ability of the barrier penetrability which is calculated by
the formula is derived from the WKB approximation (see
Eq. 20). The absence of capture at ℓ < ℓm means that the
total energy curve as a function of Ec.m. is not trapped
into potential well: dissipation of the initial kinetic energy
is not enough to be trapped due to the restricted value
of the radial friction coefficient. The number of partial
waves giving a contribution to the capture is calculated
by the solution of Eq(s) (9)-(13) for the radial and orbital
motions simultaneously.
The collision trajectory, rotational angle, angular ve-
locity and the moment of inertia of the DNS formed after
capture for a given beam energy Ec.m. and orbital an-
gular momentum L0 are found by solving the following
equations of motion [14,20]:
µ(R)
dR˙
dt
+ γR(R)R˙(t) = F (R), (9)
F (R) = −∂V (R)
∂R
− R˙2 ∂µ(R)
∂R
, (10)
dL
dt
= γθ(R)R(t)
(
θ˙R(t)− θ˙1R1eff − θ˙2R2eff
)
, (11)
dL1
dt
= γθ(R)
[
R1eff
(
θ˙R(t)− θ˙1R1eff − θ˙2R2eff
)
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− 2a(R1eff θ˙1 −R2eff θ˙2)
]
, (12)
dL2
dt
= γθ(R)
[
R1eff
(
θ˙R(t)− θ˙1R1eff − θ˙2R2eff
)
+ 2a(R1eff θ˙1 −R2eff θ˙2)
]
, (13)
L0 = L(θ˙) + L1(θ˙1) + L2(θ˙2) , (14)
L(θ˙) = JDNS(R)θ˙; (15)
L1(θ˙1) = J1θ˙1; (16)
L2(θ˙2) = J2θ˙2, (17)
Erot =
JR(R)θ˙
2
2
+
J1θ˙1
2
2
+
J2θ˙2
2
2
, (18)
where JDNS is the DNS moment of inertia and it is calcu-
lated by the rigid-body approximation as
JDNS(βi1 , βi2 ;R) = µ(R)R
2(βi1 , βi2) + J1 + J2, (19)
where R(βi1 , βi2) is the distance between the centers of
nuclei at their given vibrational states i1 and i2 of collid-
ing nuclei; JR and θ˙, J1 and θ˙1, J2 and θ˙2 are the moments
of inertia and angular velocities of the DNS and its frag-
ments, respectively. We also defined R1eff = R1 + a and
R2,eff = R2 + a, where R1 and R2 are the radius of the
interacting nuclei with a = 0.54 fm [14]. Here, L0 and Erot
are determined by the initial conditions. The initial value
of the relative distance R is taken equal to 20 fm; the ini-
tial values of the orbital angular momentum L0 is given
in the range 0 ÷ 80h¯ by the step ∆L = 5h¯ since fission
barrier disappears at ∆L = 60h¯; the initial velocity of the
projectile is determined by the values of Ec.m. and L0.
The nucleus-nucleus interaction potential, radial and
tangential friction coefficients and inertia coefficients are
calculated in the framework of our model [14,15,16,21].
It should be stressed that friction coefficients γR and
γθ of the relative motions are sensitive to the shape of
the colliding nuclei (see Ref. [14]). For simplicity in the
presentation of formulas the following labels are used in
Eq(s) (9)-(18) of motions F (R) = F (R, {βi}), γR(R) =
γR(R, {βi}), γθ(R) = γθ(R, {βi}), V (R) = V (R, {βi}),
where R(t) is the relative distance, R˙(t) ≡ dR(r)/dt is
the corresponding velocity.
In sub-barrier capture processes, the barrier penetra-
bility formula is derived from the WKB approximation
and it is calculated by:
P(ℓ)WKB(Ec.m., {βi}) = exp
[
−2
∫ Rout
Rin
k(R, ℓ, {βi})dR
]
,
(20)
where
k(R, ℓ, {βi}) =
√
2µ
h¯2
(V (R, ℓ, {βi})− Ec.m.). (21)
Rin and Rout are inner and outer turning points which
were estimated by V (R) = Ec.m..
The second stage is an averaging by the expression
(22) to find an averaged value of the partial capture cross
section over surface vibrational state:
〈σ(ℓ)cap(Ec.m)〉 =
∫ β2+
−β2+
∫ β3−
−β3−
σ(ℓ)cap(Ec.m, β2, β3)
× g(β2, β3)dβ2dβ3. (22)
The deformation parameters of the vibrational states can
be considered as frozen during the capture process since
as it is seen from the Table 1 that the mean lifetime of
the first excited states 2+ and 3− is much longer than the
time scale of capture and fusion processes. The time scale
of the capture and fusion processes is less than 10−19 s.
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Fig. 2. (Color online) Deep-inelastic collision (dashed line),
sub-barrier capture (dot-dashed line) and nucleus-nucleus po-
tential for 36S+206Pb (dotted line) and 34S+208Pb (solid line).
Comparison of the capture probabilities calculated for
the 36S+206Pb (dotted line) and 34S+208Pb (solid line)
reactions at the collision energy Ec.m.=139.24 MeV and
ℓ =10 is presented in Fig. 2. The capture probability for
the former reaction is about 4 times larger than the one
of the latter reaction since the potential barrier calculated
for the latter reaction is higher and thicker than the one
for the former reaction since the projectile 36S has larger
N/Z - ratio than 34S.
The role of the initial orbital angular momentum ℓ in
the heavy ion collisions can be seen from the Fig.3. This
figure represents the dependence of the depth of the poten-
tial well and the Coulomb barrier as functions of the the
orbital angular momentum for 34S+208Pb and 36S+206Pb
reactions. It can be clearly seen that the increase of ℓ can
lead to reduction of the potential well.
The value of the entrance channel barrier (Coulomb
barrier at ℓ=0) calculated for the 34S+208Pb reaction is
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Fig. 3. (Color online) The influences of the rotational angular
momentum on nucleus-nucleus potential; solid line for ℓ = 0;
dashed line for ℓ = 40; dotted line for ℓ = 60; dash-dotted line
for ℓ = 80 at deformation parameters presented in Table 1.
higher than the one obtained for the 36S+206Pb reaction.
The low barrier of the entrance channel is favorable to
decrease the CN excitation energy since it makes lower
threshold value of the beam energy leading to the CN
formation.
The total capture cross section is found by summariz-
ing over partial waves:
σcap(Ec.m.) =
ℓ=ℓd∑
ℓ=ℓm
〈σ(ℓ)cap(Ec.m.)〉. (23)
It should be noted the range of orbital angular momentum
values ℓm < ℓ < ℓd contributing to capture cross section
depends on the collision energy Ec.m.. The calculations
have shown that the minimum value of angular momen-
tum is zero (ℓm=0) for the
34S+208Pb and 36S+206Pb re-
actions.
3.2 Evolution of the DNS
The evolution of DNS to complete fusion or quasifission
is determined by the landscape of potential energy sur-
face (PES) and nucleon distribution in the single-particle
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states of the interacting nuclei. The intrinsic fusion B∗fus(Z,A)
and quasifission Bqf (Z,A) barriers, as well as the excita-
tion energy E∗Z,A of DNS are found from PES. In cal-
culation of the fusion probability, these B∗fus(Z,A) and
Bqf (Z,A) barriers are main quantities together with the
DNS excitation energy E∗DNS(Z,A) being functions of the
mass and charge asymmetry of the DNS configuration.
The values of Udr(Z,Rm) as a function of angular mo-
mentum ℓ are found from the data of PES calculated by
the formula and the reaction energy balance (Qgg) cor-
responding to the charge asymmetry configuration Z of
DNS.
Udr(Z,A, ℓ, Rm) = Qgg + V (Z,A, ℓ, Rm) (24)
where Z = Z1 and A = A1 are charge and mass numbers
of a DNS fragment while the ones of another fragment
are Z2 = Ztot − Z1 and A2 = Atot − A1, where Ztot and
Atot are the total charge and mass numbers of a reaction,
respectively; Qgg is the reaction energy balance used to
determine the excitation energy of CN: Qgg = B1 +B2 −
BCN. The binding energies for the initial projectile and
target nuclei (B1 and B2) are obtained from the mass
tables in Ref. [22], while the one of CN (BCN) are obtained
from the mass tables [23,24]. If there is no potential well of
V (Z,A,R, ℓ) at large values of angular momentum or for
symmetric massive nuclei, we use Rm corresponding to
the smallest value of the derivation ∂V (Z,A,Rm, ℓ)/∂R
in the contact area of nuclei. The intrinsic fusion barrier,
B∗fus(Z,A, ℓ), is determined as the difference between the
maximum value of the driving potential between Z = 0
and Z = ZP and the initial charge value ,
B∗fus(Z,A, ℓ) = U
max
dr (ℓ)− Udr(ZP , AP , ℓ) (25)
where Umaxdr (ℓ) = Udr(Zmax, Amax, ℓ).
These main quantities are found from the analysis of
PES and by the use of collision energy Ec.m. (see [14,25,
26]). Due to nucleon exchange between DNS nuclei their
mass and charge distributions are changed as functions of
time. Their evolution are estimated by solving the trans-
port master equation with the transition coefficients cal-
culated microscopically [27,28]. The proton and neutron
systems of nuclei have own energy scheme of the single-
particle states and the single-particle schemes depend on
the mass and charge numbers of nuclei. Consequently, the
transition coefficients∆
(−)
K and∆
(+)
K of the transport mas-
ter equation (26) being sensitive to the energy scheme and
occupation numbers of the single-particle states (see Eq.
(27)) of the interacting nuclei depend on the mass numbers
too. The dependence of the transition coefficients ∆
(−)
K
and ∆
(+)
K on the mass and charge numbers of nuclei leads
to the correlation between proton and neutron numbers
in them.
The difference between the mass and charge distribu-
tions at the given time of the DNS evolution depends on
the initial N/Z - ratio in colliding nuclei since transition
coefficients causing nucleon transfer are different for the
isotopes with different neutron numbers of the nucleus
with the same charge numbers. The difference in the mass
and charge evolutions for the 34S+208Pb and 36S+206Pb
reactions leads to the difference in fusion probabilities
in these reactions. The difference in fusion cross section
12 A.K. Nasirov et al.: The role of the N/Z-ratio in colliding nuclei in formation
immediately causes difference in the evaporation residue
cross sections measured in these reactions [1].
The mass and charge distributions among the DNS
fragments are calculated by solving the transport master
equation:
∂
∂t
PK(E
∗
K , ℓ, t) = ∆
(−)
K+1PK+1(E
∗
K+1, ℓ, t) (26)
+ ∆
(+)
K−1PK−1(E
∗
K−1, ℓ, t)
−
(
∆
(−)
K +∆
(+)
K + Λ
qf
K
)
PK(E
∗
K , ℓ, t)
for K = Z,N (for proton and neutron transfers). Here
A1 = A = N+Z is the mass number of the light fragment
of DNS while A2 = ACN −A and Z2 = ZCN − Z are the
mass and charge numbers of the heavy fragment of DNS;
PK(A,E
∗
DNS(t), ℓ, t) is the probability of population of the
configuration (K,KCN−K) of the DNS at the given values
of E∗DNS(t), ℓ and interaction time t. To make easy writing
of the Eq(s).(26) we have used the following designations:
PK(E
∗
K , ℓ, t) = PK(A,E
∗
K , ℓ, t),
PK±1(E
∗
K , ℓ, t) = PK±1(A± 1, E∗K , ℓ, t),
∆
(∓)
K = ∆
(∓)
K (A),
∆
(∓)
K±1 = ∆
(∓)
K±1(A± 1),
ΛqfK = Λ
qf
K(A)
E∗K = E
∗(K,A, ℓ)
Note these quantities and all quantities characterizing the
single-particle states ε˜, n
(K)
P,T and matrix elements g
(K)
PT in
Eq.(27) depend on the mass numbersA andA2 = ACN−A
of the light and heavy fragments, respectively. The tran-
sition coefficients of multinucleon transfer are calculated
as in [29]
∆
(±)
K (A) =
4
∆t
∑
iP ,jT
|g(K)iP jT (A)|2
× n(K)jT ,iP (A, t)
(
1− n(K)iP ,jT (A, t)
)
× sin
2[∆t(ε˜
(K)
iP
(A) − ε˜(K)jT (A))/2h¯]
(ε˜
(K)
iP
(A)− ε˜(K)jT (A))2
, (27)
where the matrix elements g
(K)
iP jT
(A) describe one-nucleon
exchange between the DNS nuclei “P” and “T ” (for the
proton exchange K = Z and for the neutron exchange
K = N) and their values are calculated microscopically
as in Ref.[30]. Due to dependence of the transition coeffi-
cients ∆
(−)
K and ∆
(+)
K on the mass and charge numbers of
nuclei the neutron and proton distributions PZ and PN are
correlated since their master equations are solved parallel
way but consequently with the time step ∆t. It is clear
that the proton and neutron transfers takes place simul-
taneously but with the different probabilities. The letters
“P” and “T ” are used to indicate the single-particle states
of nucleons in projectile-like (light) and target-like (heavy)
fragments, respectively, of DNS. In the present work, we
follow the scheme of Ref. [30] for estimating these values
with ∆t = 10−22 s ≪ tDNS, where tDNS is the interac-
tion time of the DNS nuclei and according to calculations
it has values tDNS > 5 · 10−22 s. This way allows us to
take into account non-equilibrium distribution of the ex-
citation energy between the fragments by in calculation
of the single-particle occupation numbers n
(K)
iP
and n
(K)
iT
following Ref. [31]. The excitation of the DNS is calcu-
lated by the estimation of the population of the proton
and neutron hole states of one fragment under influence
of the mean-field of the other fragment. This kind of evo-
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lution of the single-particle occupation numbers n
(K)
iP
and
n
(K)
iT
is established by solution of the Liouville quantum
equation for the occupation numbers with the linearised
collision term:
ih¯
∂n˜
(K)
iP
(t)
∂t
= [H, n˜
(K)
iP
] +
n˜
(K)
iP
(t)− neq(K)iP (TZ)
τ
(K)
iP
, (28)
where H is the sum of the collective Hamiltonian Hrel of
the relative motion of interacting nuclei of DNS, the sec-
ondary quantized Hamiltonian Hin of the intrinsic motion
of nucleons in them and the coupling term Vint correspond-
ing to the interaction between collective relative motion
of nuclei and intrinsic motion of nucleons,
H = Hrel +Hin + Vint. (29)
The last term Vint is responsible to excitation of the DNS
fragments and it leads to evolution of the occupation num-
bers of nucleons. The use of the linearised collision term
in Eq. (28) allows us to determine the time dependent oc-
cupation numbers evolve to the thermal equilibrium ones
n
eq(K)
iP
(TZ); τ
(K)
iP
is the relaxation time of the excited single-
particle state iP of the light fragment “P” (iT for heavy
fragment “T ”). The details of calculation can be find in
Refs.[20,31]. The thermal equilibrium occupation numbers
are calculated by the usual expression:
neq(TZ) =
1
1 + exp[
(ε˜PK−εF )
TZ
]
, (30)
where TZ is the effective temperature of DNS with the
charge asymmetry Z and its value is determined by the
excitation energy E∗Z of DNS as the Fermi-gas tempera-
ture T =
√
E∗
Z
a where a = 1/12 MeV
−1. E∗Z is the exci-
tation energy of DNS and it is determined by the initial
beam energy and the minimum of the potential energy as
E∗Z(A, ℓ) = Ec.m. − V (Z,A,Rm, (ℓ)) +∆Qgg(Z,A), (31)
where V (Z,A,Rm, (ℓ)) is the minimum value of the po-
tential well V (Z,A,R, ℓ) at Rm; ∆Qgg(Z,A) = B1+B2−
BP − BT is included to take into account the change of
the intrinsic energy of DNS due to nucleon transitions dur-
ing its evolution along mass and charge asymmetry axes,
where B1, B2, BP and BT are binding energies of the
initial (“1” and “2”) and interacting fragments (“P” and
“T”) at the given time t of interaction.
ε˜PK and ε˜TK are perturbed energies of single-particle
states: ε˜i = εi+Vii, Vii is the diagonal elements of the ma-
trix Vii′ (see details in Ref(s). [27,31]). In Eq. (32), Λ
qf
Z
is the Kramer’s rate for the decay probability of the DNS
into two fragments with charge numbers Z and ZCN −
Z [32,33], which is proportional to exp[−Bqf(Z)/(kT )].
The decay probability increases by decreasing the quasi-
fission barrier, Bqf , which is taken equal to the depth of
the potential well V (Z,A,R, ℓ) presented in Fig(s). 1, 2
and 3.
It should be noted that the fusion probability PCN is
a function of the mass and charge asymmetry of the DNS
nuclei and therefore, the contributions to the complete fu-
sion of different configurations are different and their ratio
depends on the time of calculation. To estimate the fu-
sion probability in the reactions under discussion we have
used the values of the master equation solutions PK at
tfus = 6 · 10−22s starting after capture to see the effect
of the non-equilibrium stage of the charge and mass dis-
tributions between nuclei of DNS. The dependence of the
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Fig. 4. (Color online) The dependence of the neutron distri-
bution as a function of the charge number of the light fragment
of the dinuclear system formed in the 34S+208Pb reaction.
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Fig. 5. (Color online) The same dependence of the neutron
distribution as a function of the charge number of the light
fragment of the dinuclear system formed in the 36S+206Pb re-
action.
neutron distribution as a function of the charge number
of the light fragment of the dinuclear system formed in
the 34S+208Pb and 36S+206Pb reactions are presented in
Figs. 4 and 5, respectively.
The probability of the yield of the quasifission frag-
ment with the mass and charge numbers, A and Z, re-
spectively, after interaction time tint of DNS is estimated
by
YA,Z(E
∗
Z(A), ℓ, tint) =
tint∫
0
PA,Z(E
∗
Z(A), ℓ, t)Λ
qf
A,Zdt, (32)
where PA,Z(E
∗
A,Z , ℓ, t) is the probability of population of
the configuration (Z,A) of the DNS at the given values
of the excitation energy E∗Z(A), angular momentum ℓ and
interaction time t. The interaction time tint is calculated
as the decay time of the DNS (details of calculation are
presented in Ref. [33]). The analysis of the yield and mass
distribution of quasifission products is not subject of this
work. This important and interesting research is the aim
of our work in future to make a conclusion about fusion
mechanism of heavy nuclei.
In this work we use only mass and charge distributions
PA,Z = PZ(A, t) × PN (A, t) which are used to find most
probable values of N corresponding to the charge num-
bers Z of the DNS fragments. The results of calculation
of neutron distribution for the given proton number for
the 34S+208Pb and 36S+206Pb reactions are presented in
Fig(s). 4 and 5, respectively. The numbers on the contours
show probability of the proton and neutron distributions
in the projectile-like fragments of the DNS formed at cap-
ture.
The charge number Z and corresponding mass num-
ber A are used to calculate PES which allows us to calcu-
late the fusion probability PCN as a function of the mass
and charge asymmetry of the DNS nuclei. Therefore, the
contributions to the complete fusion of different configu-
A.K. Nasirov et al.: The role of the N/Z-ratio in colliding nuclei in formation 15
rations are different and their ratio depends on the time
of calculation.
3.3 Fusion cross section
The partial fusion cross section is determined by the prod-
uct of capture cross section σ
(ℓ)
cap(E∗CN, {βi}) and the fusion
probability PCN of DNS for the various excitation energies
[16,25,26,34,35] by the use of formula:
σ
(ℓ)
fus(Ec.m., {βi}) = PCN (Ec.m., ℓ, {βi})σ(ℓ)cap(Ec.m., {βi}),
(33)
as the sum of contributions to complete fusion from the
charge symmetric configuration Zsym of DNS up to config-
uration corresponding to the maximum value of the driv-
ing potential Zmax:
PCN (Ec.m., ℓ, {βi}) =
Zmax∑
Zsym
PZ(E
∗
Z , ℓ)P
(Z)
CN (E
∗
Z , ℓ, {βi}),
(34)
where E∗Z is calculated by formula (31) and the weight
function PZ(E
∗
Z , ℓ) is the mass and charge distributions
probability PZ(E
∗
Z , ℓ) in the DNS fragments is determined
by solution of the transport master equation (26); the fu-
sion probability P
(Z)
CN (A) from the charge (Z) and mass
(A) asymmetry configuration of the DNS is calculated as
the branching ratio P
(Z)
CN (E
∗
Z , ℓ; {αi}) of widths related to
the overflowing over the quasifission barrier Bqf (Z) at a
given mass asymmetry, over the intrinsic barrier Bfus(Z)
on mass asymmetry axis to complete fusion and overBsym(Z)
in opposite direction to the symmetric configuration of the
DNS:
P
(Z)
CN ≈
Γfus(Z)
Γqfiss(Z) + Γfus(Z) + Γsym(Z)
. (35)
Here, the complete fusion process is considered as the evo-
lution of the DNS along the mass asymmetry axis over-
coming Bfus(Z) (a saddle point between Z = 0 and Z =
ZP = 16) and ending in the region around Z = 0 or
Z = ZCN (fig. 7). The evolution of the DNS in the direc-
tion of the symmetric configuration increases the number
of events leading to quasifission of more symmetric masses.
This kind of channels are taken into account by the term
Γsym(Z). One of the similar ways was used in Ref.[36].
The complete fusion can be presented by the formula of
the width of usual fission [37]:
Γfus(Z) =
ρfus(E
∗
Z)TZ
2πρ(E∗Z)
(
1− exp (Bfus(Z)− E
∗
Z)
TZ
)
,
(36)
where ρfus(E
∗
Z) = ρ(E
∗
Z − Bfus(Z)); usually the value of
the factor
(1− exp [(Bi(Z)− E∗Z)/TZ])
in (36) is approximately equal to the unit. Inserting Eq.
(36) in (35), we obtain the expression (38) used in our
calculations [33]:
P
(Z)
CN (E
∗
Z) =
ρfus(E
∗
Z)
ρfus(E∗Z) + ρqfiss(E
∗
Z) + ρsym(E
∗
Z)
. (37)
Putting the level density function of the Fermi system
leads to formula of the calculation of fusion probability
for the given values of the DNS excitation energy E∗Z and
angular momentum L from its charge asymmetry Z:
P
(Z)
CN (E
∗
Z) =
e−B
∗(Z)
fus
/TZ
e−B
∗(Z)
fus
/TZ + e−B
∗(Z)
qfiss
/TZ + e−B
∗(Z)
sym /TZ
.
(38)
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The fusion cross section is calculated by summarizing con-
tributions of all partial waves (angular momentum):
σfus(Ec.m.) =
ℓ=ℓd∑
ℓ=0
〈σ(ℓ)fus(Ec.m.)〉 (39)
The averaged value of the partial fusion cross section is
calculated by the same method as in the case of partial
capture cross section:
〈σ(ℓ)fus(Ec.m)〉 =
∫ β2+
−β2+
∫ β3−
−β3−
σ
(ℓ)
fus(Ec.m, β2, β3)
× g(β2, β3)dβ2dβ3. (40)
The evaporation residue cross sections after emission
2 and 3 neutrons is calculated by the use of 〈σ(ℓ)fus(Ec.m)〉
to take into account the dependence of the fission barrier
on the angular momentum as in Ref. [38].
4 Results of calculations
4.1 Capture of nuclei
The trajectories of the relative motion for reactions 34S+
208Pb and 36S+206Pb at collision energies around the Cou-
lomb barrier have been calculated by solving the equations
of motion (9)-(13) for the relative distance and velocity.
The bifurcation of the collision trajectories on the deep-
inelastic collision and capture as a function of orbital an-
gular momentum (ℓ) at the given collision energy Ec.m.
is calculated by the use of the friction coefficient which
is determined by the particle-hole excitation of the nu-
cleons in nuclei and nucleon exchange between them [21].
At the sub-barrier energies the probability of capture is
determined by the WKB approximation.
It is seen that the trajectory with the orbital angular
momentum ℓ = 0 leads to capture because the relative ki-
netic energy is enough to overcome barrier at Ec.m. =
146.41 MeV. The rotational energy increases by rising
L and now the total energy is not enough to overcome
the barrier of the interaction potential, therefore, starting
from ℓ = 50 we observe the deep inelastic collisions only
for this reaction.
As a result of the capture, we have the DNS evolved
by nucleon transfer between the nuclei to reach the equi-
librium mass and charge distribution which is determined
by peculiarities of PES and level densities of the single-
particle states of protons and neutrons in interacting nu-
clei. One of final states of evolution is a formation of the
compound nucleus after the transfering all nucleons from
the light fragment to the heavy fragment. The alternative
states of the evolving DNS are its decay into two frag-
ments in dependence on the height of Bqf and the DNS
excitation energy.
The results obtained for the charge and mass distribu-
tions by solving master equations (26) show that initial
values of the ratio of the neutron and proton numbers
in colliding nuclei are important in the calculation of the
fusion probability.
It is obvious from Fig. 6 that the projectile-like frag-
ments of the DNS formed in the 36S+206Pb reaction are
more neutron rich in comparison with the ones of the
34S+208Pb reaction. As a result the fusion probability
is larger in the first reaction. Neutron numbers N corre-
sponding to the given charge numbers presented in Fig. 6
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Fig. 6. (Color online) The mass number in the projectile
nucleus as a function of its proton number calculated for
36S+206Pb (dot-dashed line) and 34S+208Pb (dashed line) re-
actions for non-equilibrium initial stage of the DNS evolution.
The equilibrium distribution of neutrons between fragments
corresponds to the minimum values of the PES as a function
of mass numbers one of the DNS fragments (solid line).
are found from the analysis of the parallel solutions of the
transport-master equations (26): the neutron number N
corresponding to the maximum value of the neutron dis-
tribution function PN (A, t), (K = N) for the given Z is
used in calculation of PES. The equilibrium distribution
of neutrons between fragments corresponds to the mini-
mum values of the PES as a function of mass numbers one
of the DNS fragments (solid line in Fig. 6).
So, the fusion probability of the DNS nuclei is deter-
mined by the intrinsic fusion barrier (B∗fus) and quasifis-
sion barrier (Bqf ) which are functions of the proton and
neutron numbers (see Ref. [14]).
This result has been obtained from the neutron distri-
butions in the light fragment of DNS as a function of its
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Fig. 7. (Color online) Driving potential calculated for the
compound nuclei 242Cf reaction as a function of the fragment
charge and mass number.
charge number at interaction time tint = 6 · 10−22 s after
capture (see Figs. 4 and 5). The time preceding to capture
from the beginning the dissipation of the relative energy
is about 4 · 10−22—6 · 10−22 s as function of the values of
Ec.m. and ℓ. It can be seen from Fig. 7 that the driving
potential (blue dashed line) calculated for the 34S+208Pb
reaction increases abruptly for the fragment with charge
number Z = 13. The value of the driving potential corre-
sponding to the entrance channel Z = 16 is lower than its
maximum value at Z = 13 in the fusion direction Z → 0.
The increase of the hindrance to complete fusion in the
34S+208Pb reaction in comparison with the 36S+206Pb re-
action is seen from the comparison of PES in Figs. 8 and
9 which are calculated as functions of the intercentre dis-
tance between nuclei and their charge-mass asymmetry.
The difference between the two PES(s) in Figs. 8 and 9
appears due to the use of the different mass numbers ob-
tained in the solution of the Eqs. (26) by the different ini-
tial neutron numbers. As it is seen from Fig. 8 the poten-
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Fig. 8. (Color online) Contour map of the PES calculated for
the 34S+208Pb reaction with the non-equilibrium distribution
of neutrons between the DNS fragments as a function of the
radial distance between their mass centres and charge numbers.
The point of PES corresponding to the initial charge and mass
numbers is shown with a star.
tial surface has higher bump corresponding to the intrinsic
fusion barrier, B∗fus, in the region Z = 13 and R = 13.5
fm. This bump appears as the hindrance in complete fu-
sion in the case of the 34S + 208Pb reaction. This bump is
significantly higher than the one on the potential energy
surface presented in Fig. 9 for the 36S + 206Pb reaction.
The hindrance to the DNS evolution in the direction of
the symmetric charge distributions is determined by the
barrier B∗sym which is determined in a similar way to the
case of B∗fus but the maximum value of the driving poten-
tial from symmetric charge region (Udr(Z
sym
max, A
sym
max, ℓ)) is
used.
In Fig. 10 the capture and complete fusion cross sec-
tions are compared with the experimental data. The exci-
tation energy of the compound nucleus E∗CN = Ec.m.+Qgg
Fig. 9. (Color online) The same as in Fig. 8 but for the
36S+206Pb reaction.
corresponding to the collision energy in the center of mass
system Ec.m. has been used for the convenience of com-
parison of the corresponding experimental and theoretical
cross sections of these reactions. It is clearly seen in Fig. 10
that the excitation fusion function of the 36S+206Pb is
much higher than the one of the 34S+208Pb reaction in
the energy region E∗CN=24–35 MeV, which corresponds
to experimental results [1].
The lower threshold energy E∗minCN of the fusion excita-
tion function is determined by the height of the Coulomb
barrier in the entrance channel and reaction balance en-
ergy Qgg. The large negative values of Qgg decrease the
value of E∗minCN [25]. The Qgg-values are equal to -113.79
and -111.02 MeV for the 36S+206Pb and 34S+208Pb re-
actions, respectively. As it was discussed above as well as
according to Fig. 3, the Coulomb barrier of the 36S+206Pb
reaction is lower than the one of the 34S+208Pb reaction.
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Fig. 10. (Color online) Capture and complete fusion cross sec-
tions calculated for 36S+206Pb (thick and thin dashed curves)
and 34S+208Pb reactions (thick and thin solid curves) as a
function of the CN excitation energy are compared with the
experimental data [1].
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Fig. 11. (Color online) Fusion probability PCN calculated for
the 36S+206Pb (red solid line) and 34S+208Pb (blue dashed
line) reactions.
Consequently, the threshold energy E∗minCN for the first re-
action is significantly lower than the one for the second
reaction. Therefore, the condition to increase the evapo-
ration residue cross sections has been revealed.
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Fig. 12. (Color online) The theoretical values of capture (red
thick dashed curve), complete fusion (solid thick curve) and
ER (thin solid-2n, thin dashed-3n, thin dotted-4n and thin
dot-dashed-5n channels) cross sections are compared with the
experimental values of the capture (red circles) and ER (black
squares-2n and red triangles-3n channels) cross sections of the
36S+206Pb [1].
Comparison of the fusion probabilities PCN calculated
for the 36S+206Pb and 34S+208Pb reactions is presented
in Fig. 11. It is seen that the complete fusion probability
of the 36S+206Pb reaction is about one and half times
larger than that of the 34S+208Pb reaction. This factor
leads to the increase additionally in the difference between
ER cross sections of these reactions. The large value of the
capture cross section of the 36S+206Pb reaction causes the
larger value of the ER cross section of this reaction in
comparison with the 34S+208Pb reaction.
The theoretical values of capture, complete fusion and
ER cross sections are compared with the experimental val-
ues of the capture and ER cross sections of the 36S+206Pb
and 34S+208Pb reactions in Figs. 12 and 13, respectively.
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Fig. 13. (Color online) The same as in Fig. 12 but for the
34S+208Pb reaction [1].
The partial fusion cross sections are used as the input data
in calculations of the ER cross sections by the advanced
statistical model [38]. It is seen from these figures that
the theoretical results for the 3n-evaporation channel are
in good agreement with the experimental data while the
theoretical curve obtained for the 2n-evaporation channel
is in good agreement with the data up to energies E∗CN=30
MeV and 28 MeV for the the 36S+206Pb and 34S+208Pb
reactions, respectively. To reach an agreement for the 2n-
evaporation channel it seems an additional assumption
made in the calculation of the advanced statistical model.
5 Conclusion
The difference between observed cross sections of the ER
of the 34S+208Pb and 36S+206Pb reactions formed in the
2n and 3n channels has been explained by two reasons
related to the entrance channel characteristics of these re-
actions. The first reason is the difference in the sizes and
position of the potential wells of the nucleus-nucleus in-
teraction calculated for these reactions. The presence of
two extra neutrons in isotope 36S and projectile-like frag-
ments makes the potential well deeper and lower for the
36S+206Pb reaction. Therefore, the capture cross section
for this reaction is larger than the one of the 34S+208Pb
reaction, i.e. more the number of DNS being to be trans-
formed into compound nucleus is formed in the 36S+206Pb
reaction. The second reason is the difference in the heights
of the intrinsic fusion barrier B∗fus appearing on the fusion
trajectory by nucleon transfer between nuclei of the DNS
formed after capture. The value of B∗fus calculated for the
34S+208Pb reaction is higher than the one obtained for
the 36S+206Pb reaction. This fact is caused by the differ-
ence between the N/Z-ratios in the light fragments of the
DNS formed during the capture in these reactions. The
N/Z-ratio has been found by solution of the transport
master equations for the proton and neutron distributions
between fragments of the DNS formed at capture with the
different initial neutron numbers N = 18 and N = 20 for
the reactions with the 34S and 36S, respectively.
These reasons are related to the largest of the N/Z-
ratio in the projectile-like fragments in the 36S+206Pb re-
action at the initial non-equilibrium stage of the interac-
tion of the DNS fragments. This is seen from the com-
parison of the shape of the driving potentials and land-
scape of PES, which are calculated for these two reac-
tions. In the DNS with the neutron-rich projectile-like
fragments formed in the 36S+206Pb reaction the intrin-
sic fusion barrier is lower. Due to these two consequences,
the use of the neutron rich isotope 36S makes the ER
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cross section larger in the 36S+206Pb reaction at the de-
excitation of compound nucleus in comparison with the
ones of the 34S+208Pb reaction. A larger hindrance to
complete fusion in the reaction with 34S can be observed
from the analysis of the yield of the projectile-like capture
products observed in both reactions under discussion. The
intense yield of the projectile-like capture products de-
creases the number events going to complete fusion which
produces fusion-fission products and evaporation residues
after emission neutrons and light charged particles.
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